We introduce a manufacturable and scalable method for creating tunable wrinkled ferromagneticmetallic structures to enhance fluorescence signals. Thin layers of nickel (Ni) and gold (Au) were deposited onto a pre-stressed thermoplastic (shrink wrap film) polymer. Heating briefly forced the metal films to buckle when the thermoplastic retracted, resulting in multi-scale composite 'wrinkles'. This is the first demonstration of leveraging the plasmons in such hybrid nanostructures by metal enhanced fluorescence (MEF) in the near-infrared wavelengths. We observed more than three orders of magnitude enhancement in the fluorescence signal of a single molecule of goat anti-mouse immunoglobulin G (IgG) antibody conjugated to fluorescein isothiocyanate, FITC, (FITC-IgG) by two-photon excitation with these structures. These large enhancements in the fluorescence signal at the nanoscale gaps between the composite wrinkles corresponded to shortened lifetimes due to localized surface plasmons. To characterize these structures, we combined fluctuation correlation spectroscopy (FCS), fluorescence lifetime imaging microscopy (FLIM), and two-photon microscopy to spatially and temporally map the hot spots with high resolution.
Introduction
A persistent challenge in fluorescence microscopy is to increase the signal to noise ratio of weakly fluorescent biomarkers or of biomolecules present at low concentration [1, 2] . Strategies to increase both the quantum yield of the dye as well as to reduce the excitation volume have been demonstrated using nanoplasmonic structures such as gold (Au) bowtie antennas, zero-mode waveguides, nanoparticles, and thin films [3] [4] [5] [6] [7] . These strategies have significantly enhanced fluorescence signals due to near field plasmonic interactions. This enhancement known as metal enhanced fluorescence (MEF) is believed to be a combination of two mechanisms [8] . In the first, the interaction of the field from the incident light at a specific frequency with the free electrons on the metal surface induces a strong localized electromagnetic (EM) field concentrated at the vicinity of the metal nanostructures. In the second, the near-field interaction of the dipole moment of the fluorophore couples with the metal surface to generate spatial oscillations of the electron density referred to as localized surface plasmon resonance (LSPR). This LSP field can increase the excitation field and the radiative emission rate of the fluorophore. A fluorophore in the near-field (within tens of nanometers) can have a significantly enhanced radiative emission rate and shortened lifetime. A shortening in the inherent lifetime of the fluorophore increases its photostability [9] . However, if the fluorophore is in contact with the metallic surface, the molecular dipole of the fluorophore can directly and non-radiatively transfer its energy to the metal surface, such that the signal is quenched.
The optical properties and enhanced localized electromagnetic fields of these metallic nanostructures are strongly dependent on the composition, size, shape, and dielectric properties of the substrate and medium above the surface [10] . Early studies indicated that nanoscale confinement of the EM field within sub-wavelength volumes could enhance the field strength by several orders of magnitude relative to the incident light [11] [12] [13] . Furthermore, metallic nanostructures with sharp corners or tips could further enhance the local electric field [14, 15] . Two-photon excitation is leveraged extensively for biological imaging studies because in the near infrared region, there is less scattering loss, reduced photodamage, and a greater penetration depth [16] . Efforts to improve the performance of two-photon excitation fluorescence (TPEF) have been achieved mainly by using Au nanoplasmonic substrates to enhance the two-photon absorption (TPA) cross-sections of dyes [17] [18] [19] [20] [21] [22] . These studies showed that aggregated metallic clusters had extremely strong localized electric field enhancement effects resulting in improving the TPA cross-sections of chromophores.
Fluctuation correlation spectroscopy (FCS) has also emerged as another powerful technique that has the ability to detect low concentrations of biomolecules [23, 24] . In this method, the spontaneous fluctuations in the fluorescence intensity can elucidate a wide variety of information about the molecule such as the local molecular concentrations, mobility coefficients, binding rates, and inter or intramolecular reactions [25] . However, the optimal biomolecule concentration has to be within the nM to 1 μM regime to observe few events [26] . Thus integrating the advantages of FCS with TPEF into a nanoplasmonic device could serve to be a useful method for detecting higher concentrations of weakly fluorescent biomarkers.
Recently studies have demonstrated that a ferromagnetic material such as nickel (Ni) has the optical properties to support plasmons in the near-infrared to infrared region [27, 28] . However, one of the main disadvantages with using pure ferromagnetic materials is the strong absorption losses that occur resulting in a strong damping of the surface plasmonic features [29, 30] . To overcome this damping, there has been significant interest in combining ferromagnetic materials with noble metals to create hybrid structures for increasing the plasmonic response [29, 31, 32] . These composite structures, also referred to as magnetoplasmonic structures, have demonstrated that magneto-optical effects such as the Faraday and Kerr effect fields can be implemented to control the surface plasmon propagation along nanostructured surfaces [29, [33] [34] [35] [36] [37] [38] [39] . We present here the first demonstration of leveraging the plasmons in Ni/Au composite structures for enhanced fluorescence signal by MEF in the near-infrared wavelengths.
We present a roll to roll compatible manufacturing process to create large areas of nanostructured bimetallic substrates fabricated by simply depositing Ni and Au thin films onto commodity shrink wrap polyolefin (PO) film. When the shrink film retracts, the thin stiffer metal films buckle to create 'wrinkle' structures [40] [41] [42] [43] [44] . This film shrinks considerably more than previously reported and thus results in significantly smaller structures [45] [46] [47] . A thin dielectric layer of silica (SiO 2 ) on top of the bimetallic structures serves as a spacer layer. We characterized our metallic structures by depositing goat antimouse immunoglobulin G (IgG) antibody conjugated to fluorescein isothiocyanate, FITC, (FITC-IgG) onto our composite structures and determined the enhancements in the fluorescence signal by a combination of two-photon microscopy, FCS, and fluorescence lifetime imaging microscopy (FLIM) to spatially and temporally map the hot spots on an MEF surface. Importantly, we were able to achieve significantly higher resolution than previously reported and show for the first time down to 33 nm resolution with FCS and correlate this with FLIM mapping [46] . FCS revealed that the hot spots observed are reduced to below the confocal volume, and FLIM shows a shorter lifetime present on the composite structures than in solution. This increase in the fluorescence signal and shortening in the fluorescence lifetime is due to the strong EM field localized around nanoscale gaps within our metallic structures. Finally, with this, we demonstrate we could detect single biomolecules by monitoring fluctuations in the fluorescence intensity of FITC-IgG antibody.
Fabrication and characterization of composite structures
Sharp tipped and closely packed metal structures have shown to be advantageous for fluorescence enhancement due to their ability to localize and concentrate the EM field around the surface of the metallic nanostructures when induced by illumination at a resonant frequency [46] . To create the composite structures, a similar fabrication approach is shown in Fig. 1(a) . 1 mil thick pre-stressed PO shrink film (955-D, Sealed Air Corporation) laminated onto a 3 mil polyester backing was cleaned in isopropyl alcohol and dried with pressurized air. An array of holes, 2 mm in diameter, was created using CAD software (AUTOCAD, Autodesk, San Rafael, CA), and a carbon dioxide (CO 2 ) laser (VersaLaser VLS-2.30, Universal Laser Systems Inc. Scottsdale, AZ) was used to etch the array into sealing tape (Nunc sealing tape, Thermo Scientific, Rochester, NY). The laser cut tape acted as a mask for the deposition of metals onto the PO shrink film. The tape masks were then adhered on to the top of the PO pieces. For metal deposition, an ion beam sputter coater was used to accelerate 8 kV Ni, Au, and SiO 2 atoms from two ion guns (IBS/e South Bay Tech, San Clemente, CA) onto the masked PO pieces. The tape mask was removed from the metal coated PO pieces and substrates were shrunk by applying heat at 155 °C for 3 min. The PO shrink film contracts upon heating inducing the bimetallic film to buckle into sharp structures and create nano to submicron gaps between the wrinkle structures. This PO shrink film retracts by 95% in surface area, considerably more than previously reported [46] . As a result, smaller, sharper, and more densely packed wrinkled structures were thus created. Post-shrunk, 5 nm SiO 2 was ion-beam sputtered as the dielectric layer on top of the bimetallic structures to create the composite structures.
We deposited different thicknesses of Au on top of the PO shrink film and characterized the changes in surface topology using a scanning electron microscope (SEM) (FEI Magellan 400XHR SEM) and an atomic force microscope (AFM) (Asylum Research MFP-3D AFM). The Ni thickness was kept constant at 5 nm. Shrunk bimetallic substrates were sputter coated with 3 nm Au (Q150R S, Quorum Technologies) and SEM images were obtained with 5 kV beam and 4 mm working distance. Figs. 1(b)-1(d) shows the SEM images of the composite structures and illustrates that by increasing the Au thickness from 10 nm to 30 nm, the wrinkles become less densely packed and the sharpness at the edges of the wrinkles dissipate, consistent with previous studies [45, 46] . The high magnification SEM images are used to show the various sizes of the gaps from nano to micron (20 nm to 6 μm) between the metal wrinkle structures within a representative 6 μm viewing window. Fast Fourier transform (FFT) analysis was used to estimate the sizes of the wrinkles. These SEM images reveal that the 10 nm Au structures had several nanogaps between the metallic structures followed by 20 nm Au and 30 nm Au. AFM height profiles reveal that similar to the heterogeneity in the structures observed from the SEM images, the heights of the composite structures varied up to greater than 3 μm.
These wrinkle structures are more controllable and robust than other heterogeneous structures, including the nanopetals which we have previously achieved large fluorescence enhancements [46] . Moreover, such wrinkle structures have been extensively characterized and leveraged for various applications [40-42, 44, 47-54] . Recent work has even shown that the wrinkles can be somewhat deterministic [47] .
Recently, we demonstrated that with a very thin layer of Ni, effective ferro-magnetic nanotraps that localize strong magnetic fields can be formed with these wrinkles [42] . We found that increasing the Ni thickness to 30 nm increased the size and reduced the sharpness of the nanowrinkles and as a result decreased the magnetic strength. To determine the thickness for this study, Ni thickness was thus varied from 5-25 nm, leaving the Au thickness constant at 10 nm (Fig. 2) . As expected and consistent with scaling laws, thicker layers of Ni resulted in larger structures presented in Figs. 2(a)-2(c) . Therefore, for this study, 5 nm of Ni was used throughout.
Two-photon excitation of FITC-IgG on composite structures
Recent studies have shown that illuminating nanoscale metallic structures by a broadband femtosecond pulsed laser such as those used in two-photon microscopy can be an effective way to study the localization of light [46, 55] . One of the key advantages with using twophoton microscopy is that with this method, the fluorophore excitation is localized to the excitation focal volume which is generally within the femtoliter regime [56] [57] [58] . This is especially useful when studying fluorescence hotspots generated within nanoscale gaps. Furthermore, due to the nonlinear quadratic dependence of the two-photon excitation process, the intensity scales to the fourth power of the EM field in the metal.
1 μM FITC-IgG (Sigma-Aldrich, USA) prepared in phosphate buffered saline (PBS) was pipetted on top of the composite structures and sandwiched by a thin glass coverslip before being mounted on the Zeiss LSM 710 microscope. The microscope was coupled to a modelocked two-photon titanium (Ti)-sapphire laser (Spectra-Physics, Mountain View, CA) operated at 785 nm with a 80-MHz repetition rate. Samples were imaged with a 40×/1.2NA water immersion objective lens (C-Apochromat Water Corr, Carl Zeiss, Jena, Germany) and excited at 785 nm with a laser power of 150 μW. The emitted fluorescence light was selected by a spectral detector from 495-650 nm and detected by a photomultiplier tube. Images were captured at 8.5 μm × 8.5 μm zoom.
IgG was chosen as the model protein because it is one of the most abundant classes of immunoglobulin in blood [59] . FITC, a derivative of fluorescein, is one of the simplest and prevalently used fluorescent dyes for labeling peptides, proteins, and antibodies. Thus, for biological relevance, enhancing the fluorescence signal of FITC-IgG on the composite structures was chosen. As the fluorescently tagged antibodies diffused by Brownian motion, and passed within nanometer proximity over specific regions of the composite structures, the fluorescence signal was observed to suddenly burst, becoming significantly enhanced relative to the background signal. After the sudden burst in the fluorescence signal was observed, the signal immediately dropped, indicative of a hot spot [60, 61] . To determine the width of each of the bursts in the fluorescence signal, FCS line scanning was conducted.
FCS line scanning was obtained by scanning a line of length of 256 pixels 100,000 times, with a pixel size of 33 nm and a pixel dwell time of 1.00 μs to capture the rapidly diffusing molecules. An 8.5 μm horizontal line was scanned over the region where fluctuations in the intensity were observed. A time trace of the fluorescence intensity was collected for 60 seconds. Data analysis was processed by the SimFCS software developed at the Laboratory of Fluorescence Dynamics (LFD). Intensity data are presented using a carpet representation in which the x-coordinate corresponds to the point along the line (pixels) and the ycoordinate corresponds to the time of acquisition. Using the SimFCS program, the intensity data was thresholded from 2500 to 4095 which is the maximum measurable intensity to look at the counts with the higher intensities. The value of 2500 was selected as the minimum intensity threshold in order to only look at the intensities that were at least 10 fold higher than the background noise. The background noise was measured using the composite structures with PBS. The specific line with point(s) of intensity larger than 2500 counts was examined to determine the size of the hot spot and the duration of the intensity fluctuation. Fig. 3(a) presents the line scan carpet image for a region where a burst in the intensity signal was observed. The high fluorescence intensities are color coded red while the background and areas of lower fluorescence are color coded blue. Fig. 3(b) illustrates that the sudden increases in the fluorescence intensity occur for only one pixel and are at most 1 μs before dropping to the less enhanced signal. An estimation of the enhancement in the fluorescence signal reveals that more than three orders of magnitude relative to glass was observed. The horizontal line profile also argues against the fact that the bright signals are due to aggregation effects; if such were the case, the intense fluorescence signal would last several pixels long. Furthermore, these findings are consistent with previous work that have shown that as the gaps between metallic structures become less than 50 nm, the fluorescence signal significantly increases [24] . Since the diffusion coefficient of FITC-IgG is around 40-50 μm 2 /s, the molecules are moving relatively fast and the hotspots would only be observed for a brief time. Fig. 3(b) reveals that these short bursts in the fluorescence signal were not observed on the control samples which were the composite structures with PBS, glass coverslip with PBS, and glass coverslip with FITC-IgG. This further supports that these bursts in intensity are related to the near-field effects from interaction of FITC-IgG with the composite structures and not due to possible artificial noise effects (i.e laser) or from the analog detector. The low level fluctuations in the signal observed on the control conditions, glass coverslip with PBS and FITC-IgG and composite structures with PBS were similar; we further confirmed that at 150 μW laser power, FITC-IgG on the glass coverslip was undetectable. While slight fluctuations in the signal occurred on the control samples, they were negligible relative to the magnitude increase in the fluorescence signal observed on the composite structures. Previously, amplitude analysis was used to estimate the hot spot volume because the spatial resolution was diffraction limited to ~300 nm [46] . In this work, using FCS to analyze the line scan data significantly improved the spatial resolution and quantified the hot spots to be less than 33 nm, translating to attoliter hotspot volumes. For the 1 μM FITC-IgG stock concentration pipetted on top of the composite structures, we can observe one molecule diffusing into the "hotspot" region at a time. To examine the number of times a single molecule diffuses to the "hotspot" region and becomes significantly brighter, a position in the sample was fixed and monitored for 60 seconds. Fig. 3(c) illustrates that for a fixed position, multiple hotspots of comparable magnitudes occur. The vertical line profile also confirms that these short bursts in the fluorescence signal are not due to the FITC-IgG molecules adhering to the metallic surface; aggregation would result in the bright signal to last for several lines or more than the line time of 0.6 ms. The vertical line profile reveals that the enhancements in the signal achieved with these composite structures is comparable in intensity to those achieved with bimetallic nanopetals, but at a laser power that is almost 12 fold lower [46] . As expected, as the laser power was increased, an increase in the population of hot spots was noted. Since the intensity scales to the fourth power of the EM field in the metal in two-photon excitation, the enhancements achieved are significantly larger than previously demonstrated. Fig. 3(d) shows the histogram profile for the collection of line trace scans and illustrates that significantly brighter pixels are observed on the composite structures compared to the controls. The PBS on the composite structures has a slightly higher signal but does not produce a significant amount of background signal to contribute to the enhanced signals observed on the composite structures.
If the increase in fluorescence signal is due to plasmonic effects, the lifetime of the fluorophore is also expected to be reduced [9, 62] . The phasor approach in the frequency domain has the ability to visualize and distinguish multiple species present in a mixture and can filter out unwanted artifacts such as erroneous background noise (i.e. room light) [63] .
Fluorescence lifetime images were acquired with a Zeiss 710 microscope coupled to a Ti:Sapphire laser system. A 40X/1.2NA water immersion objective was used for imaging. For image acquisition the following settings were used: image size of 256 × 256 pixels and scan speed of 25 μm/pixel. A dichroic filter (760 nm) was used to separate the fluorescence signal from the laser light and the fluorescence emission was collected from 515-565 nm. For the acquisition of FLIM images, fluorescence was detected by a photomultiplier (H7422P-40, Hamamatsu, Japan) and a 610 nm short pass filter was placed in front of the detector. FLIM data was acquired and processed by the SimFCS software developed at the LFD. The excitation wavelength used was 785 nm. An average power of about 150μW was used to excite the FITC-IgG on the composite structures and 800 μW for FITC-IgG in solution. The FLIM calibration of the system was performed by measuring the known lifetime of fluorescein with a single exponential of 4.04 ns at a laser power of 800 μW. The phasor transformation and data analysis of the experiments was also performed using the SimFCS software, as described in previously published papers [64] . The phasor approach to FLIM converts at each pixel in an image the fluorescence decay histogram into the sine and cosine components. These components are then represented in a two dimensional histogram also referred to as a phasor plot. Each of the pixels in the image results in a single point in the phasor plot and when used in reciprocal mode, each point of the phasor plot can be mapped to each pixel in the image. The histogram was plotted by finding the average phasor, τ p , in the program. Fig. 4(a) [65] . In contrast, on the composite structures with FITC-IgG, mapping the lifetimes from the FLIM image reveals a distribution of lifetime which extends from 2.8 ns to less than 50 ps. In our previous work, we performed FLIM by using the time correlated single photon counting card and were only able to present the average lifetime of the species in an image [46] . Here, using the phasor approach with FLIM, lifetime differences across the image can easily be observed and mapped. Mapping out where lifetimes shorter than 100 ps exist confirms that these lifetimes are observed in areas with high fluorescence intensity. This is also represented quantitatively by plotting out a normalized histogram of the lifetime values shown in Fig. 4(d) . Similar to the FLIM map, the FITC-IgG on the glass coverslip is centered around 2.8 ns. In contrast, the histogram profile of the lifetime values for FITC-IgG on the composite structures has a range from 2.8 ns to mostly less than 50 ps, which is at the limit of the lifetime detection system. The observed decrease in lifetime on the composite structure at the points where the structures are the brightest is attributed to the enhancement of local excitation electric fields, leading to an increased excitation rate of fluorophores and radiative decay rate. This significant increase in the radiative decay rate implies an increase in the rate of emission of the fluorophore. The slight shifts in the fluorescence lifetime of FITC-IgG on the unenhanced regions on the composite structures could be due to changes in the refractive index which is known to also affect fluorescence lifetime [66] .
Conclusion
The composite structures introduced here are able to enhance the fluorescence emission of labeled biomolecules by more than three orders of magnitude relative to a glass coverslip with two-photon excitation. The fluorescence enhancements observed occur by plasmonic effects due to the nanoscale gaps in the wrinkle structures. These structures can be tuned to have a diverse range of architectures and nanogap sizes with tunable plasmon resonances. This is important to achieve large fluorescence enhancements in other regions of the excitation wavelength spectrum. We have also recently demonstrated that our Ni structures can generate strong localized magnetic gradients to serve as effective nanotraps for capture and separation [42] . Combining this utility with the large signal enhancements demonstrated here can pave the way to create a comprehensive integrated device to readily magnetically trap and sensitively detect labeled molecules and nanoparticles. 
